A ppropriAte CSF release can provide a comfortable operative field with softened brain parenchyma and a dry subarachnoid space, which can assist with smooth and correct dissection, prevent brain contusion caused by excessive brain retraction, and widen the corridor to the surgical target, even when it is deeply located. When the CSF seems difficult to release through the surgical field or a risk of ventricular tap exists, a lumbar spinal drain is often placed before surgery. Lumbar spinal drainage (LSD) is not considered a markedly in-ABBREVIATIONS ASD = absolute standardized difference; ED = external decompression; ICH = intracranial hypotension; LSD = lumbar spinal drainage; SAH = subarachnoid hemorrhage. Department of Neurosurgery, Nara Medical University, Kashihara, Nara, Japan OBJECTIVE Lumbar spinal drainage (LSD) during neurosurgery can have an important effect by facilitating a smooth procedure when needed. However, LSD is quite invasive, and the pathology of brain herniation associated with LSD has become known recently. The objective of this study was to determine the risk of postoperative brain herniation after craniotomy with LSD in neurosurgery overall. METHODS Included were 239 patients who underwent craniotomy with LSD for various types of neurological diseases between January 2007 and December 2016. The authors performed propensity score matching to establish a proper control group taken from among 1424 patients who underwent craniotomy and met the inclusion criteria during the same period. The incidences of postoperative brain herniation between the patients who underwent craniotomy with LSD (group A, n = 239) and the matched patients who underwent craniotomy without LSD (group B, n = 239) were compared. RESULTS Brain herniation was observed in 24 patients in group A and 8 patients in group B (OR 3.21, 95% CI 1.36-8.46, p = 0.005), but the rate of favorable outcomes was higher in group A (OR 1.79, 95% CI 1.18-2.76, p = 0.005). Of the 24 patients, 18 had uncal herniation, 5 had central herniation, and 1 had uncal and subfalcine herniation; 8 patients with other than subarachnoid hemorrhage were included. Significant differences in the rates of deep approach (OR 5.12, 95% CI 1.8-14.5, p = 0.002) and temporal craniotomy (OR 10.2, 95% CI 2.3-44.8, p = 0.002) were found between the 2 subgroups (those with and those without herniation) in group A. In 5 patients, brain herniation proceeded even after external decompression (ED). Cox regression analysis revealed that the risk of brain herniation related to LSD increased with ED (hazard ratio 3.326, 95% CI 1. 491-7.422, p < 0.001). Among all 1424 patients, ED resulted in progression or deterioration of brain herniation more frequently in those who underwent LSD than it did in those who did not undergo LSD (OR 9.127, 95% CI 1.82-62.1, p = 0.004). CONCLUSIONS Brain herniation downward to the tentorial hiatus is more likely to occur after craniotomy with LSD than after craniotomy without LSD. Using a deep approach and craniotomy involving the temporal areas are risk factors for brain herniation related to LSD. Additional ED would aggravate brain herniation after LSD. The risk of brain herniation after placement of a lumbar spinal drain during neurosurgery must be considered even when LSD is essential.
vasive procedure, although it can result in complications such as spinal epidural hematoma and injury of the cauda equina. 7, 8 In any type of surgery on the brain, generally prolonged CSF leakage from a spinal dural tear can be the cause of intracranial hypotension (ICH) syndrome. Patients with ICH syndrome typically present with orthostatic headache, dizziness, nausea, and, less frequently, consciousness disturbance; in such patients, neuroimaging finds brain shift downward in the caudal direction, which is called brain-sag syndrome. 1, 3, 12, 16, 20 The consciousness disturbance in patients with brain-sag syndrome is thought to be a result of compression of the mesencephalon and diencephalon herniated into the tentorial hiatus. In such situations, craniotomy could aggravate the brain shift caused by LSD, and brain herniation would likely occur after the operation, 7 as has been reported especially after craniotomy for ruptured aneurysmal subarachnoid hemorrhage (SAH). 10, 11, 13, 14 We often use intraoperative LSD during various types of neurosurgical procedures other than those for SAH. However, the incidence of brain herniation after craniotomy with LSD performed to treat conditions other than SAH remains unclear. The aim of this study was to investigate the incidence of and risk factors for brain herniation after craniotomy with LSD in neurosurgery overall. Thus, we performed a retrospective cohort study, and an appropriate control group was selected using a propensity score-matching method. In addition, we discuss the clinical characteristics of brain herniation after craniotomy with LSD and possible risk factors related to brain herniation.
Methods
This study is reported based on criteria from the STROBE (Strengthening the Reporting of Observational Study in Epidemiology) statement. All research protocols were approved by the institutional review board of Nara Medical University, and the need for informed consent was waived.
Study Design and Patient Selection
In the Department of Neurosurgery of Nara Medical University between 2007 and 2016, 5746 direct surgical procedures were performed; 4322 patients who underwent a type of procedure in which LSD is never used were excluded. The remaining 1424 patients were defined as the subjects for this study. Among them, 239 patients underwent craniotomy with intraoperative LSD (group A). Next, as a proper control group, patients who underwent craniotomy without LSD for the treatment of similar types of diseases in nearly the same condition as the patients who underwent LSD were selected from the 1424 subjects using the propensity score-matching method (group B). The occurrence of brain herniation within 2 weeks after surgery and the clinical outcome at postoperative day 30, evaluated using the modified Rankin Scale (mRS) score, 4 were compared between groups A and B. In both groups A and B, the postoperative day that brain herniation occurred was plotted according to the Kaplan-Meier method, and the cumulative incidences of brain herniation between the 2 groups were compared. Furthermore, the patients in group A with brain herniation were defined as group C, which was compared with the rest of the patients without brain herniation (group D) with regard to risk factors related to the occurrence of brain herniation (Fig. 1 ).
In addition, some patients experienced deterioration of brain herniation after external decompression (ED). To study the adverse effects of ED on brain herniation, these patients who underwent ED retrieved from the 1424 subjects were categorized into the group with improvement or prevention (group E) or the group with progression or deterioration (group F) of their brain herniation. The rates of LSD in these 2 groups were compared.
Inclusion and Exclusion Criteria
Before selecting control patients, patients who underwent surgery for traumatic brain injury, spontaneous intracerebral hemorrhage, or cerebral infarction in the acute stage, spinal surgery, epilepsy surgery, burr hole surgery, or transsphenoidal surgery were excluded, because these types of surgery were not accompanied by LSD; pediatric patients less than 12 years of age were excluded also. In addition, cases of vascular reconstructive surgery for moyamoya disease, including superficial temporal arterymiddle cerebral artery (STA-MCA) bypass, were not included, because none of these surgeries used intraoperative LSD. In contrast, cases of deep bypass surgery, such as STA-superior cerebellar artery anastomosis for vertebrobasilar insufficiency, occipital artery-posterior inferior cerebellar artery anastomosis for dissecting or fusiformshaped aneurysms of the vertebral artery, and high-flow bypass using a radial artery graft from the external carotid artery to the M 2 portion of the MCA for complex aneurysms of the internal carotid artery or MCA, were included, because some of them used LSD.
Patients with a brain abscess treated via a transcranial approach or a malignant tumor treated with craniotomy for pathological diagnosis were not excluded, because LSD was used in some patients with such a deeply located mass. Patients who underwent LSD postoperatively were not included in group A. In contrast, patients who underwent intraoperative ventricular drainage or placement of a premounted ventriculoperitoneal shunt, a cisternal drain, or an epidural drainage tube were not excluded, because the amount of CSF released during such operations varied. During the surgical procedure, in some cases, a large amount of CSF is released by suction from the subarachnoid cistern or via a catheter placed by ventricular tap. In this study, our focus was mainly on whether the lumbar spinal drain was placed during surgery, not the amount of CSF released.
Propensity Score Matching
The aim of the propensity score analyses was to minimize potential imbalances in the distribution of potential confounders between the groups of patients who underwent craniotomy with or without LSD. Propensity score matching was performed using multiple logistic regression for all 1424 subjects who underwent craniotomy with LSD versus those who underwent craniotomy without Y. Motoyama et al.
LSD with respect to age, sex, aneurysmal SAH, presence of consciousness disturbance and focal deficits, and deep location for the surgery, all of which were defined as covariates related to the use of LSD. "Elderly" was defined as an age ≥ 70 years. Aneurysmal SAH and use of a deep approach were adopted as covariates strongly related to the use of LSD. The interhemispheric, infratentorial supracerebellar, and subtemporal approaches and the transsylvian approach to prepontine or interpeduncular cisterns located behind the anterior circle of Willis were categorized as deep-approach procedures. The transcranial approach for extradural or extracranial lesions, including intranasal, orbital, and cavernous sinus tumors, was also categorized as a deep-approach procedure, because this approach frequently includes LSD. However, the transsylvian approach to ordinary aneurysms in the anterior circulation, the lateral suboccipital approach, and the transcortical approach were categorized as superficialapproach procedures in which LSD is rarely performed, except in patients with SAH. Consciousness disturbance and focal deficits, as indices of severity, were also adopted as covariates for matching. A level of consciousness with somnolence or more severe, or less than 4 in eye response of the Glasgow Coma Scale, 19 was defined as the presence of consciousness disturbance. Focal neurological deficits including hemiparesis, aphasia, and hemianopia were classified as either present or absent. All of these covariates were categorized dichotomously.
Patient matching was performed by estimated propensity scores via a multiple logistic regression analysis. Using the logit estimated from the log odds of the propensity score of each patient, we matched each selected case with controls who had the nearest estimated logit value by 1:1 matching. Thus, group A (n = 239) consisted of those who underwent craniotomy with LSD, and group B (n = 239) consisted of those who underwent craniotomy without LSD. The balance between these 2 groups for each variable was evaluated by absolute standardized differences (ASDs) before and after matching (Table 1) .
Clinical Outcome
The primary end point was the occurrence of brain herniation within 2 weeks after surgery, and we compared the outcomes between patients in groups A and B. Brain herniation was diagnosed based on CT results and corresponding signs, including deterioration of consciousness disturbance, some focal signs, oculomotor palsy, respiratory distress, and decorticate or decerebrate rigidity. We ruled out other reasons for consciousness disturbance, such as symptomatic vasospasm, electrolyte imbalance, endocrinological disorder, and abnormal vital signs. Brain herniations were categorized as subfalcine, uncal, central, upward transtentorial cerebellar, or downward tonsillar based on CT and clinical findings ( Table 2 ). Brain herniations caused by postoperative parenchymal bleeding, infarction, or subdural or epidural hematoma were all counted. However, global ischemia including the brain stem caused by respiratory failure or initial damage that resulted from severe SAH were excluded. The diagnosis of symptomatic brain herniation was made by a rater (Y.M.) according to a review of the clinical and radiological courses after surgery in all patients from groups A and B. Another rater (Y.T.), who was blinded to the data about whether the patients underwent LSD, independently rated the clinical and CT findings from the same 478 patients to determine interrater reliability.
The secondary end point was a favorable outcome at postoperative day 30, which was defined as an mRS score of less than 3.
Analysis of Risk Factors and Effects of ED on Brain Herniation
For the analysis of risk factors related to brain herniation after craniotomy with LSD, the following additional factors, along with age, sex, aneurysmal SAH, and the presence of consciousness disturbance and focal deficits, were evaluated: duration of surgery (dichotomously divided at 240 min), location of the craniotomy (frontal, temporal, parietal, occipital, or suboccipital according to dichotomous evaluation for each part: transpetrosal approach including temporal and suboccipital parts or standard frontotemporal craniotomy including frontal and temporal parts in the craniotomy), and the presence of ED for controlling brain herniation, which was added at the time of or several days after the surgery. In addition, some patients experienced deterioration of brain herniation after ED. Therefore, to investigate the effect of ED on the control of brain herniation, we performed a Cox regression analysis in which the severest day of brain herniation after surgery was defined as the primary end point and the use of LSD was adopted as the explanatory variable for 478 patients from groups A and B. The risk of brain herniation caused by LSD was stratified according to whether the patient underwent ED. Last, to study the adverse effects of ED on brain herniation, the rates of craniotomy with LSD were compared between the groups that had and those that did not have an effect on brain hernia retrieved from all 1424 patients.
Statistical Analysis
All dichotomous variables are reported here as percentages. After propensity score matching, statistical comparisons between groups A and B were performed using the Fisher exact test. Interrater reliability for the occurrence of brain herniation after craniotomy was assessed using the k statistic. The Kaplan-Meier product limit method was used to calculate the cumulative probabilities of the incidence of brain herniation as the initial event. The cumulative incidences of brain herniation between groups A and B were compared with the log-rank test. To compare groups C and D, each preoperative variable was subjected to univariate analysis with the Fisher exact test to determine its relationship with the occurrence of brain herniation. Variables showing significance were subsequently used in a multivariate analysis. A logistic regression model was used to identify independent risk factors from among these selected variables. To investigate the influence of ED on the risk of brain herniation after craniotomy with LSD, the incidence of brain herniation was analyzed using a Cox regression model stratified according to the use of ED. Last, for the 45 patients who underwent ED among the total 1424 subjects, the rates of LSD between groups E and F were compared using the Fisher exact test. All associations are reported as ORs with their corresponding 95% CIs.
All statistical analyses were performed with EZR (Saitama Medical Center, Jichi Medical University), which is a graphical user interface for R (The R Foundation for Statistical Computing). More precisely, it is a modified version of R commander designed to add statistical functions frequently used in biostatistics. A p value ≤ 0.05 was considered statistically significant, as long as its 95% CI did not include 1.
Results
The clinical demographics of the patients before and after propensity score matching are shown in Table 1 . Brain herniation occurred in 24 (10%) patients in group A and in 8 (3.3%) patients in group B (OR 3.21, 95% CI 1.36-8.46, p = 0.005). In contrast, the favorable-outcome rate was higher in group A than in group B (OR 1.79, 95% CI 1.18-2.76, p = 0.005) ( Table 3) . In group A, only 1 patient had a local complication (abscess formation at the lumbar puncture site) directly related to LSD. No other local complications, such as epidural hematoma or cauda equina injury, were seen. The interrater reliability for the occurrence of brain herniation after craniotomy was strong (k = 0.948).
The 24 patients with brain herniation (group C) included 5 with central herniation, 18 with uncal herniation, and 1 with uncal and subfalcine herniation. No patient had Both temporal lobes herniated into the tentorial hiatus; oblong deformity of the midbrain; effacement of the perimesencephalic cistern Upward transtentorial cerebellar Cerebellum displaced up through the incisura, compressing the midbrain forward Downward tonsillar Downward displacement of tonsil(s) to the foramen magnum, compressing medulla oblongata an upward transtentorial cerebellar or downward tonsillar herniation. In contrast, the 8 patients in group B with brain herniation included 2 with uncal herniation, 3 with central herniation, 1 with uncal herniation and subfalcine herniation, and 2 with upward transtentorial cerebellar and downward tonsillar herniation. Among the 24 patients with herniation (group C), 16 patients had aneurysmal SAH, 6 had a brain tumor, 1 had an unruptured aneurysm, and 1 had vertebrobasilar insufficiency and was undergoing deep bypass surgery ( Table 4 ). The patients with a brain tumor included 4 with meningioma located in the sphenoid ridge, petroclivus, tentorium, or falx. The remaining tumors were 1 trigeminal schwannoma and 1 recurrent metastatic pleomorphic adenoma in the cavernous sinus (Fig. 2) . The SAH rates in groups C and D were not significantly different (62.5% vs 50.2%, respectively; OR 1.648, 95% CI 0.643-4.467, p = 0.287). The frequency of temporal craniotomy was higher in group C than in group D (91.7% vs 53.5%, respectively; OR 9.5, 95% CI 2.243-85.484, p < 0.001). The deep approach was used more frequently in group C than in group D (79.2% vs 44.2%, respectively; OR 4.771, 95% CI 1.644-16.958, p = 0.001). These factors related to brain herniation were not significant in group B. The frequency of preoperative consciousness disturbance was not higher in group C than in group D (41.7% vs 27%, respectively; OR 1.928, 95% CI 0.723-4.97, p = 0.153), even though consciousness disturbance was observed more frequently in the patients with than in those without brain herniation in group B (87.5% vs 32.5%, respectively; OR 14.408, 95% CI 1.799-658.046, p = 0.003) ( Table 4) . Multivariate logistic regression analysis revealed that use of a deep approach (OR 5.12, 95% CI 1.8-14.5, p = 0.002) and temporal craniotomy (OR 10.2, 95% CI 2.3-44.8, p = 0.002) were independent risk factors for the occurrence of brain herniation after craniotomy with LSD (Table 5) .
Brain herniation occurred between days 0 and 7 (Fig.  3) . The time at which LSD was performed after surgery ranged from 0 to 15 days (median 4.5 days). Treatments for brain herniation included ED for 10 patients, internal decompression for 3, and hematoma or fluid collection evacuation for 5. Repair of an opened sinus to close the communication between the intracranial space and atmospheric air was conducted for 2 patients. Conservative treatment with the patient flat in the decubitus position and occlusion or maintaining a high LSD pressure were performed for 15 patients; some of the patients received more than 1 treatment. Autologous blood patches were not placed in the lumbar epidural space of any patient in this series.
The favorable outcome rate was lower in group C than in group D (54.2% vs 80.5%, respectively). In group C, the numbers of patients with a poor outcome (i.e., mRS score of 3, 4, 5, or 6) were 6, 4, 0, and 2, respectively. The causes of death in 2 patients were brain stem injury caused by progressive herniation and pneumonia.
In group C, progressive brain herniation with brain swelling caused by cerebral infarction could not be stopped with additional ED in 2 patients with SAH. However, in 6 patients, deterioration of brain herniation after ED was observed even though neither massive brain swelling nor intracranial hematoma formation occurred. Cox regression analysis revealed that the risk of brain herniation related to LSD increased with ED (hazard ratio 3.326, 95% CI 1.491-7.422, p < 0.001) (Fig. 4) . Given these findings in group C, an association of ED with deterioration of brain herniation was suspected.
Of all 1424 patient who underwent a craniotomy, 45 patients also underwent ED. Among them, 32 showed an effect of ED with improvement or prevention of brain herniation (group E). Group F included 13 patients for whom ED failed, including those who experienced progression or deterioration in brain herniation even after ED. The rates of patients who underwent LSD were 18.8% in group E and 69.2% in group F; this difference was significant (OR 9.127, 95% CI 1.82-62.1, p = 0.004, Fisher exact test) (Fig. 5) . 
Discussion
The results of this study indicate that the patients who underwent craniotomy with LSD suffered brain herniation after surgery more frequently than patients who underwent craniotomy without LSD, even though favorable clinical outcomes were more common in the first group. In general, LSD is very useful for obtaining a comfortable operative field when needed. However, brain herniation, including ICH syndrome, brain-sag syndrome, and sinking-brain syndrome, has been described after craniotomy with LSD. 11, 13 In patients with aneurysmal SAH, brain herniation caused by CSF hypovolemia after surgery has also been reported.
14 Komotar et al. 14 reported that the incidence of brain herniation after clipping with LSD was 9.6%; they also identified prolonged operative time and global cerebral edema on admission CT as risk factors. In our series, among all patients who underwent neurosurgery, including clipping for aneurysmal SAH, the incidence of brain herniation that resulted from craniotomy with LSD was 10%. Meanwhile, in the subgroup of patients with SAH in our series, the incidence of brain herniation after craniotomy with LSD was 11.7%, which was higher than that reported by Komotar et al., perhaps because of the inclusion in our study of not only patients with pure brain-sag syndrome without a mass lesion but also those with brain herniation with hematoma or infarction. In contrast, in patients who underwent craniotomy for something other than aneurysmal SAH, the incidence of brain herniation after craniotomy with LSD was 8.1%.
The risk factors for brain herniation were investigated in a comparison of groups C and D. Temporal craniotomy was performed most frequently among the patients with brain herniation after LSD. If a lesion is located in the area that requires temporal craniotomy and postoperative swelling occurs, the mass effect or brain shift could easily result in uncal herniation. It is interesting to note that in our series, parietal and occipital craniotomies were performed in only 1 patient in group C. These areas might be less likely than the frontal and temporal areas to develop brain herniation as a result of mass effect. In group C, no patients experienced upward or downward cerebellar herniation.
Use of a deep approach was also an independent risk factor for the occurrence of brain herniation after craniotomy with LSD. It induces not only a large amount of CSF release but also destruction of the arachnoid membrane that functions in CSF regulation in a wide area or a higher risk of brain damage leading to contusion or swelling after surgery.
In contrast, the rates of those who underwent a long operation were not significantly different between groups C and D. CSF release was probably correlated with operation
FIG. 2.
CT images of a 47-year-old man with recurrence of pleomorphic adenoma in the right cavernous sinus (A) who underwent surgical intervention (a transcranial extradural approach via right frontotemporal craniotomy combined with LSD). On postoperative day 7, his consciousness decreased to stupor with restlessness. Head CT scans revealed an epidural fluid collection with air accumulation severely compressing his brain. Effacement of sulci and the perimesencephalic cisterns and right uncal herniation can be seen (B and C, respectively). A defect of the frontal sinus can also be seen on the bone target image (D, white arrow). Emergent surgery for removal of the epidural mass and repair of the opened frontal sinus was performed. CT images obtained on the day after the second surgery reveal return of brain shift and a conspicuous subarachnoid space including sulci and cisterns (E and F, respectively). The consciousness disturbance improved immediately after surgery, and the patient was kept in the decubitus position for the following week.
duration. Brain herniation did not always occur on the day immediately after the surgery. Continuous CSF release itself, but not the amount of CSF released during surgery, might be associated with the development of brain herniation.
Several recent case reports of paradoxical brain herniation after ED have been published. The cause of this type of brain herniation is thought to be exposure of the brain to atmospheric air pressure, which has been reported to be associated with lumbar tap or spontaneous ICH syndrome. 5, 6, 21 The mechanism of such brain herniation is thought to be similar to that in our patients with deterioration of brain herniation after ED.
In patients with brain swelling caused by parenchymal hematoma or infarction, ED would prevent increasing intracranial pressure. However, in patients who underwent LSD, ED could have an adverse effect on the clinical course after brain herniation (Fig. 6) . With brain swell- (Fig. 7) . With LSD, ED resulted in air entering the epidural space to make the pressure in the supratentorial space equal to atmospheric air pressure. If the pressure in the infratentorial space was lower than atmospheric air pressure, brain herniation toward the caudal direction would worsen. Likewise, the opening of an air sinus of the cranium after craniotomy with LSD is thought to be very likely to cause brain herniation, because the air accumulation would increase the pressure gradient between the supratentorial and infratentorial spaces (Fig. 7D) . In such cases, the brain seems to sag and become wedged into the tentorial hiatus. Therefore, with continuous CSF drainage by a lumbar spinal drain, the elevation of head position might also be dangerous because of the suction effect caused by the accelerated loss of isotropic hydrostatic pressure in the CSF caused by gravity with ED or the opening of an air sinus.
In our series, brain herniation after craniotomy related to LSD was treated with multiple interventions, including direct surgery, maintaining the patient in the decubitus position, and occluding the drain. Surgical intervention included ED, internal decompression, hematoma or fluid collection removal, and sinus packing to repair opened air cells. Blood patch sealing of spinal dural tears was not performed in our study. In general, sealing of a dural tear by using a blood patch has been described as effective treatment for ICH syndrome.
2 Some reports have indicated that blood patches improved brain herniation related to ICH syndrome. 17, 18 Given the frequency and pathophysiology of brain herniation related to LSD, a prophylactic blood patch should probably be placed to prevent brain herniation after craniotomy accompanied by LSD.
The Trendelenburg position has been reported to be effective for improving brain herniation. 13, 14 However, in symptomatic patients with an apparent mass-like hematoma or infarction, even including air accumulation and brain herniation, the Trendelenburg position alone would not be considered appropriate treatment. Surgical intervention might be necessary for an apparent mass lesion even if CSF hypovolemia caused by LSD was the initial cause of the brain herniation. In such a situation, an immediate blood patch should be added after removal of the space-occupying mass, which would provide more effective prevention of recurrence and early improvement. 15 Cranioplasty has been reported to paradoxically improve brain herniation after ED. 6 Closing the communication between the intracranial space and atmospheric air decreases the pressure difference between the supraten-
FIG. 6. Upper:
A 65-year-old woman with SAH caused by a ruptured MCA aneurysm with a sylvian hematoma (Hunt and Hess grade IV) 9 underwent clipping with LSD and prophylactic ED. Lower: CT scans 4 days after surgery show brain herniation, even though bulging cannot be seen in the decompressed part.
FIG. 5.
Among all 1424 patients, 45 underwent ED for brain herniation (BH) or probable BH and were divided into a group of patients for whom ED did or a group of patients for whom ED did not have an effect on their BH. In the group with progression or deterioration of BH (group F), the rate of LSD was significantly higher than it was in the group with improvement or prevention of BH (group E) (69.2% vs 18.8%, respectively; OR 9.127, 95% CI 1.828-56.272, p = 0.004, Fisher exact test).
torial and infratentorial compartments. Similarly, sinus packing is necessary and effective in the surgical treatment of brain herniation related to LSD, as shown in Fig.  4 . In other words, a communication with atmospheric air through the opening of an air sinus of the cranium would be likely to prompt brain herniation after craniotomy with LSD.
In propensity matching, ASD did not reach a value less than 0.1 for some covariates. Imbalance of the cohort because of the limited number of patients cannot be ruled out and could have affected the analysis. The number of patients with brain herniation associated with LSD was too small to statistically evaluate related risk factors, even though it is not an extremely rare complication. Therefore, by comparing risk factors between groups A and B, clinically significant factors were identified. However, confounding factors related to brain herniation could not be excluded completely. Furthermore, multivariate analysis using a large number of cases might be necessary to study the risk factors in detail.
In this study, favorable clinical outcomes were more common in group A than in group B. However, the result of this secondary outcome should be interpreted carefully because of selection bias based on the severity of the enrolled patients' condition. In our study, the presence of consciousness disturbance was adopted as a covariate to obtain a well-balanced cohort using propensity score matching. However, in patients with severe SAH, for example, when accompanied by intraventricular hemorrhage or acute hydrocephalus, ventricular drainage tended to be used instead of LSD. Therefore, there might have been fewer patients with a severe condition in group A than in group B when they were allocated initially. As a result, the clinical outcomes might have been better in group A than in group B.
Strictly speaking, the correct diagnosis of tonsillar herniation would require sagittal MRI. In our series, we observed 2 patients in group B with upward transtentorial cerebellar and tonsillar herniation in whom diffuse swelling of the whole cerebellum as a result of ischemic insult after surgery for severe SAH caused by vertebral artery dissection herniated into not only the tentorial hiatus but also the foramen magnum. These herniations were diagnosed based on not only CT findings but also corresponding clinical signs, including respiratory failure, decerebrate rigidity, and cardiac arrest. Other than these 2 cases, however, we did not find any cases of cerebellar herniation into the foramen magnum suspected among the patients in either group A and B with some clinically neurological deterioration.
This study was retrospective and observational. Treatment for brain herniation related to craniotomy with LSD requires a comparative study that includes blood patching to evaluate the therapeutic effect appropriately.
Conclusions
When LSD is performed during craniotomy, brain herniation is more likely to occur after surgery, even though the patient's clinical outcome might be better after LSD. The use of a deep approach and temporal craniotomy are risk factors for brain herniation related to LSD. Brain herniation after LSD can occur after craniotomy to treat conditions other than SAH, even though parietal and occipital craniotomies rarely caused herniation. Brain herniation after craniotomy with LSD is not always observed in severely ill patients with consciousness disturbance, and continuous CSF release and an additional mass, including air collection in the epiarachnoid space of the supratentorial area, increase the risk of brain herniation. Additional ED would aggravate brain herniation with LSD. Therefore, in the setting of possible brain herniation that requires ED, LSD should be avoided even if the mass lesion is to be removed. When considering placement of a lumbar spinal drain during neurosurgery, the risk of brain herniation should be taken into account, even when LSD is essential.
